Abstract: YtvA, a photosensory LOV (light-oxygen-voltage) protein from Bacillus subtilis, exists as a dimer that previously appeared to undergo surprisingly small structural changes after light illumination compared with other light-sensing proteins. However, we now report that light induces significant structural perturbations in a series of YtvA-LOV domain derivatives in which the Ja helix has been truncated or replaced. Results from native gel analysis showed significant mobility changes in these derivatives after light illumination; YtvA-LOV without the Ja helix dimerized in the dark state but existed as a monomer in the light state. The absence of the Ja helix also affected the dark regeneration kinetics and the stability of the flavin mononucleotide (FMN) binding to its binding site. Our results demonstrate an alternative way of photo-induced signal propagation that leads to a bigger functional response through dimer/monomer conversions of the YtvA-LOV than the local disruption of Ja helix in the As-LOV domain.
Introduction
Well-operated signal-sensing machinery that responds to external environmental stimuli is a vital element for cell survival. Since the discovery of the light-oxygen-voltage (LOV) domain, a subfamily of the Per-ARNT-Sim (PAS) domain, in the photoreceptor responsible for phototropism in plants, [1] [2] [3] enormous efforts have been dedicated to the understanding of the molecular and cellular bases underlying light-regulated signal transduction mediated by signaling proteins in cells. [4] [5] [6] [7] [8] [9] [10] [11] YtvA, a prokaryotic light-sensing protein that originates from the soil bacterium Bacillus subtilis, was the first phototropin-like receptor identified from bacterial genomes by a sequence homology study. 12, 13 YtvA is composed of a LOV/PAS core domain, Ja helix, and a C-terminal sulfate transporter and anti-sigma factor antagonist (STAS) domain. While the LOV domains from plant phototropins are connected to a Ser/Thr kinase domain, bacterial LOV domains are coupled to various signaling output domains to regulate the stress response or virulence in bacteria. 6, 12, 14, 15 Data from many biochemical characterisations, including X-ray crystallography, analytical ultracentrifugation (AUC), and synchrotron radiation X-ray scattering (SAXS), have reported that the YtvA exists as a dimer [ Fig.  1(A) ]. [16] [17] [18] [19] In particular, three-dimensional X-ray structural studies have revealed that a small quaternary structural change between two subunits of the YtvA-LOV domain is the main structural element transmitted through a blue light signal. The 5-degree rotational movement of the coiled-coil linkers of each subunit is a relatively minor structural change compared with those of other LOV domains. 20, 21 Blue light detection in the LOV domain is associated with cysteine-C4(a)-FMN photochemistry; a thiol group of the cysteine located in the flavin mononucleotide (FMN) binding site reversibly forms a covalent adduct with C4(a) of the isoalloxazine ring. 8, 10, [22] [23] [24] Among various LOV domains, the As-LOV domain from an Avena sativa phototropin has a disrupted Ja helix located at the C-terminus of the LOV domain during light illumination. The unfolding of the Ja helix plays a vital role in the light-induced signaling propagation in the As-LOV domain. 20, 22, 25 Although pair-wise sequence analysis of the As-LOV and YtvA-LOV domains has shown that the sequence homology between the two b-folds is approximately 50%, 16 the structural comparison of these two lightsensing domains shows that the LOV/PAS core bfolds, comprising five b-strands, are very similar (Fig.  1) . Each domain overlays well, but the orientations of the two alpha-helices are quite different. The Ja helix of YtvA extends against the b-scaffold with intermolecular contacts between the two Ja helices from each monomer, whereas the Ja helix of As-LOV bends to dock on the common PAS scaffold in the dark state. To date, the signaling transmission mechanism in the YtvA-LOV domain and the actual function of the Ja helix in the YtvA are unknown. Engineering efforts to accommodate proper signal transduction of light photons by regulatory machinery are important for numerous optogenetic applications in cells. 24, [26] [27] [28] [29] The most notable feature of YtvA-LOV photochemistry is the slow dark recovery rate, [30] [31] [32] which raises fundamental unresolved questions. Critical elements that modulate the dark regeneration kinetics of photosensory proteins need to be determined, and this knowledge may help in overcoming the current technical limits in photoswitchable controls, including the long deactivation times. 33, 34 Here, we investigated the function of the Ja helix in the YtvA by engineering the YtvA core with the helix of the As-LOV domain or by generating truncation analogues of the Ja helix. Determining the role of the Ja helix as a common structural element among various light-sensing domains would provide valuable information for integrating signaling transmission pathways in light-sensing proteins.
Results

Design
Figure 1(A) presents the dimer structure of the YtvA-LOV (pdb: 2PR6) and Figure 1 (B) shows the aligned structures of the As-LOV and YtvA-LOV monomer. The cores of the PAS b-fold are similar in both proteins, but the Ja helices at the C-termini have different orientations. The Ja helix of YtvA comprises 21 amino acids directly attached to the Cterminal PAS b-fold, whereas the Ja helix of the As-LOV domain is connected to the PAS b-fold by an additional flexible loop. To investigate the function of the Ja helix motif, the Ja helix of YtvA was replaced with the helix of As-LOV (denoted YtvAs25 or Ytv-As32) or removed (Ytv-Y0). In addition, constructs with 11, 15, and 18 residues deleted from the C-terminus of the Ja helix were generated (named Ytv-Y10, Ytv-Y6, and Ytv-Y3, respectively). The number designates the number of amino acids from the Ja helix remaining [ Fig. 1(C,D) ]. In YtvAs32, seven additional amino acids following the Ja helix of As-LOV were incorporated to identify the minimal residues to transmit the light signal. To confirm the light-activated signaling changes, we also generated a series of corresponding nonphotochemically competent mutants with the Cys62 residue mutated to Ser (C62S mutants).
UV-Vis spectroscopic measurements
All the constructs exhibited similar absorption spectra to those reported previously. 30, 32, 35 Figure 2 shows the representative UV-Vis spectra of the YtvAs25 and Ytv-Y0. Peaks with maximum absorbance at 447 nm and 475 nm were retained in the dark state, whereas a peak with maximum absorbance at 385 nm was shown for both constructs in the light state. Deletion of the Ja helix or its replacement with that of As-LOV did not perturb the absorption spectra of YtvA-LOV variants compared with the Ytv-Y21 with the original linker, except for a blueshift (approximately 5 nm) of the maximum peak at 390 nm in the light condition.
Native PAGE analysis
Native gel analysis of the series of YtvA-LOV domain derivatives revealed different mobilities on the gel [ Fig. 3(A) ]. During the dark state, the YtvAs25 and Ytv-As32 proteins migrated similarly to their dark mutants (C62S). These nonphotochemically competent mutants, which are predicted to be dimers, showed an unchanged mobility under both light and dark conditions. By contrast, the Ytv-As25 and Ytv-As32 proteins migrated faster than the corresponding C62S mutants under the light conditions, which indicates that they have different quaternary structures under dark and light conditions; these proteins presumably exist as monomers under the light conditions. The YtvA-LOV domain with its own Ja helix always remained as a dimer (lane 5), whereas the constructs lacking the original YtvA Ja linker showed different mobilities in the light and dark conditions. In addition to changes in the gel mobilities upon light illumination, the light-induced change occurred reversibly; in other words, repeated light-to-dark photocycles generated consistent results in the native gel analysis. In Figure 3 (B), lanes 1 and 2 contain dark re-incubated proteins (abbreviated as LD) from an initial light illumination, while subsequent reillumination of the same sample generated the second light-activated proteins in lanes 3 and 4 (LDL), demonstrating light-induced mobility changes. The observed mobility change was reproducible with the same protein samples even after the second photocycle, although additional impurity bands appeared due to protein aggregation or oligomerization caused by prolonged light illumination. This result indicates that these repeated mobility changes are directly associated with the photocycles of the chromophore in the proteins; a cysteinyl covalent adduct formation between the thiol and FMN chromophore triggered the oligomeric state change. Since both proteins (YtvAs25 or Ytv-As32) appeared to have similar mobility changes upon light illumination, we hypothesized that elimination of the original Ja helix results in a light-responsive structural change.
To confirm our hypothesis that the PAS b-fold core of YtvA undergoes an oligomeric state change in the blue light-activated state, we also analyzed a construct of the YtvA-LOV domain (residue 1-126) that is deficient in the Ja helix (Ytv-Y0). Figure  3 (C,D) compares the mobility of Ytv-As25 with that of Ytv-Y0 in the dark and light conditions; these mobilities followed similar trends. Ytv-Y0, the b-fold core of YtvA-LOV, also showed an altered mobility on the native gel after light illumination [ Fig. 3(D) ]; in the light state, the native gel showed a band that migrated faster than the band from the dark state. The size of the proteins in the dark state was estimated to be twice the size of the light-activated proteins. Each lane was loaded with varied protein concentrations ranging from 10 to 40 lM. The lightinduced quaternary structural changes, which involve dissociation into two monomers, appear to be responsible for the different mobilities observed in the native gel analysis.
Because of the limited accuracy of estimating the size of proteins by native gel analysis, only the relative sizes of proteins using the same protein markers were analyzed in Figure 3(A-D) . The existence of the light-induced monomer was confirmed by blue native gel analysis along with native protein markers [ Fig. 3(E) ]. Because native gel analysis is affected by the pI and shapes of proteins in addition to protein size, a blue native gel was used, which allows for more accurate determination of the masses and oligomeric state of proteins. 36, 37 Coomassie brilliant blue G-250 was added to neutralize charged proteins; thus, the proteins migrated according to their size in acrylamide gels. In addition, the running buffer of a blue native gel is close to pH 7.0, and this pH is more physiologically relevant than the pH used for native gel analysis. Figure 3(E) clearly shows that the sizes of Ytv-As25 and Ytv-Y0 correspond to monomers under the light illumination condition (19 kD and 16 kD, respectively), whereas their C62S mutants exist as dimers (38 kD and 32 kD). BSA with a molecular mass of 66 kD was used to confirm the size of the proteins shown in the blue native gel. The data suggest that the PAS b-fold core structure without the Ja helix may be sufficient for light-induced quaternary structural changes. As described above, the original Ja helix appeared to prevent larger structural changes, keeping each monomer as a dimerized form. To identify the minimal residue requirement for retaining a dimerized structure, a series of truncated versions of the YtvA-LOV constructs with different Ja helix lengths, including the full-length helix of 21 amino acids (Ytv-Y21) and the no-Ja construct (Ytv-Y0), were tested using blue native gel analysis. Figure 4 shows that the constructs (Ytv-Y21, Ytv-Y10, Ytv-Y6, and Ytv-Y3) have similar mobilities under light and dark conditions (lanes 1-4) , suggesting that even the presence of three amino acids (Thr-LysGln) in the Ja helix is sufficient to permit dimerized proteins. By contrast, lanes 5 and 6, which contain the construct with no Ja helix or As-Ja helix, demonstrate light-dependent mobility changes under light and dark conditions. This result reveals that the Ja helix from YtvA-LOV stabilizes the dimer of the PAS b-fold and that even three additional amino acids (Thr-Lys-Gln) facilitate dimerization.
Fluorescence spectroscopy
Fluorescence spectra of the YtvA-LOV domain in the presence and absence of its own Ja helix are shown in Figure 5 (A). Emission spectra were obtained in the 290 to 550 nm range with excitation at 280 nm. With the Ja helix, the light-state protein showed a maximum fluorescence at 340 nm, mainly from the tryptophan residue (Trp103), whereas this emission signal decreased in the dark state with a concomitant increase in signal at 496 nm [ Fig. 5(A) , left]. When the Ja helix was truncated, the emission spectra of YtvA-LOV were significantly changed. A redshift of the peak at approximately 340 nm and the disappearance of FMN fluorescence at approximately 500 nm were observed after illumination [ Fig. 5(A), right] . Interestingly, the truncation of the Ja helix decreased the ratio of FMN fluorescence to intrinsic tryptophan fluorescence (F 500 /F 340 ), which indicated that FMN binding was perturbed in the absence of the Ja helix.
The dark regeneration kinetic profile of Ytv-Y0 obtained from a UV-Vis spectrometer also changed in the absence of the Ja helix [ Fig. 5(B) ]. The absorption change from the light-activated state to the dark ground state was measured over time at 447 nm. The half-life of the dark regeneration kinetics was 47.6 6 13.7 min for Ytv-Y21 and 25.7 6 4.6 min for Ytv-Y0. The recovery kinetics of the photocycle in YtvA has been measured to understand the molecular basis for the propagation of photosignals in light-sensing proteins. 32, 38, 39 The dark regeneration kinetics of YtvA-LOV from the lightactivated state to the dark-ground state was known to be slower than the value of the full-length YtvA protein in the previous work. 30 Raffelberg et al. sug- gested that the mutations of hydrogen-bond network residues (N94S, N94A, and Q123N) accelerated the recovery kinetics. 39 Our result demonstrates that the truncation of the Ja helix decreased the dark regeneration time, which indicated an altered environment around the FMN chromophore-binding site due to the deletion of the Ja helix at the C-terminus of the YtvA-LOV domain. These data are consistent with the fluorescence emission spectra and the native gel analysis, suggesting that the Ja helix is a stabilizing element for dimer structure and for facilitating a tight FMN binding.
Discussion
YtvA-LOV shares a common blue-light detection mechanism with other LOV domains, forming a covalent cysteinyl-FMN C4(a) bond in bacteria; 12 however, the underlying mechanism of light signal transmission within the YtvA protein has not been elucidated. Our results demonstrate that the function of the Ja helix was not conserved among various LOV domains during evolution, even though these domains share structural similarity, with a common Ja helix at the C-termini of the lightsensing domains. The Ja helix in YtvA extends from the LOV core dimer in a quasi-coiled coil arrangement. 16 The helix is shorter than that of As-LOV, and bending or docking against the b-fold is not possible. Previous studies using X-ray crystallography, AUC, and size-exclusion chromatography have reported that the YtvA-LOV domain with the Ja helix linker consistently exists as a dimer regardless of the presence of light. 16, 18 A small quaternary structural change was found to be the main component of the light response in the YtvA-LOV domain. The full-length YtvA protein also adopts an elongated domain orientation with side-by-side LOV-LOV and STAS-STAS interactions 40 and retains the quaternary structural dumbbell shape of the dimer in a 60-kD complex regardless of illumination. 17 No oligomerization-state changes or significant overall shape changes have been reported. 18 In our experiment, we also observed that the YtvA-LOV domain with its own Ja helix (residue 1-147) exists as a dimer [Figs. 3(A) and 4(A)] under light and dark conditions, which is consistent with previous reports. The presence of its own Ja helix favours the dimeric state, because of the stable interface between two Ja helices from each subunit. However, by eliminating the Ja helix or fusing the YtvA-PAS fold with the As-LOV Ja helix, we successfully demonstrated a significant mobility change controlled by a blue light signal. The YtvA-LOV domain without the Ja helix acts as a monomer in the native gel analysis after light illumination, suggesting light-induced dissociation of the PAS b-fold dimer in the absence of the Ja helix. The blue native gel analysis confirmed the existence of monomers under light-illuminated conditions. The Ja helix in YtvA-LOV mainly facilitates the dimerization of the two PAS core domains, and the deletion of the Ja helix transmits a larger quaternary structural change to other effector domains.
Moglich and Moffat reported that the dimer interface of YtvA-LOV was composed of Val25, Val27, Ile29, Tyr41, Met111, Ile113, Tyr118, Val120, and Ile122 in addition to the dimer interface residues located in the two Ja helices. 16 These residues form intermolecular contacts between the two PAS core structures via hydrophobic interactions. Our data revealed that the dimer interface formed with residues (Tyr132, Glu133, Leu136, and Leu140) in the Ja helices play a critical role in stabilizing the head-to-head dimer of YtvA-LOV. Truncation of the Ja helices leads to the dissociation of the PAS b-fold dimer, which is the critical element of the lightinduced structural change in YtvA-LOV. The dimer interface residues are generally conserved among various PAS domains. 41 In As-LOV domain, the corresponding dimer interface residues (Lyy413, Phe415, Ile417, Phe429, Met499, Lys503, Tys508, Ile510, and Val512) are found to be very similar to those of YtvA-LOV. In particular, residues located in the b-sheet are identical or highly conserved. Similar size and geometry of Ab-Bb cavity between these two domains were reported previously. 35 We envision that the Ja helix suppresses the dissociation of PAS b-fold dimer in YtvA-LOV whereas the unfolding process of the Ja helix plays a critical role in As-LOV domain. 20 Our hypothesis was also confirmed by an engineering approach using the Ja helixdeleted YtvA-PAS b-fold with a different effector domain, exhibiting light signal transmission without Ja helix. 42 We also demonstrated that the dark regeneration kinetics of the FMN chromophore photocycle was affected by the absence of the Ja helix; its deletion generated a faster dark regeneration time. The microenvironmental changes around the FMN chromophore are currently thought to be the main contributor to the light-to-dark transition, 39 but our results suggest that the Ja helix also affects FMN binding stability. Modulating the kinetics of the photocycle in light-sensing domains will fine-tune the control of effector-domain function, which will enrich our understanding of the signal propagation mechanism of blue light signals from the chromophorebinding site to various effector domains in many regulatory systems in cells. 43, 44 Our results in this report suggest that the Ja helix of YtvA plays a vital role in accommodating overall dimerization stability; even three amino acids (Thr127-Lys128-Gln129) of the Ja helix in YtvA-LOV proteins produce stable dimerization contacts as indicated in Figure 4 , presumably due to the presence of Thr127, a hydrogen-bonding network residue. Without the Ja helix, the stability of the common PAS b-fold was disturbed, facilitating multimerization during the extended light state according to the dynamic light scattering (DLS) experiments (Supporting Information Fig. S1 ). Ytv-Y21 had a relatively homogeneous population, while the no-Ja construct (Ytv-Y0) showed heterogeneous proteins of larger size in the DLS analysis. In addition, FMN depletion was detected during electrophoresis for the constructs without the Ja helix. These results indicate that the deletion of the Ja helix results in structural perturbations in the PAS b-fold, which is associated with decreased binding affinity of the FMN chromophore in its binding site (Supporting Information Fig. S2) .
Understanding the mechanism of photosignal transduction in LOV domains are still in the early stages. Extensive studies have been done to connect the linkage between the photosignal and functional responses in the downstream effector domains, but it still remains unclear at the molecular level. Raffelberg et al. reported a hydrogen-bonding network in which the isoalloxazine ring of the FMN chromophore interacts with the conserved Asn94, Asn104, and Gln123 residues. 39 Our structural examination of the YtvA-LOV domain using reported X-ray structures (pdb codes: 2PR5 for the dark state and 2PR6 for the light state) reveals extended hydrogenbonding networks involving Thr127. Thr127 forms hydrogen bonds with the carboxylate side chain of Asp125 and the amide hydrogen atom of Trp103. These hydrogen bonds are connected to the isoalloxazine ring of the FMN chromophore through Asn104 and the Asn94-Gln123 network (Fig. 6 ). This extended hydrogen-bonding network explains the consistently observed dimerized proteins even in the presence of only three additional amino acids (Thr127-Lys128-Gln129) at the C-terminus of the PAS b-fold. The hydrogen-bonding networks that rigidify the PAS b-fold were perturbed when the Ja helix was deleted, causing FMN binding instability. However, the FMN-bound fraction of the proteins always produced light-regulated oligomeric-state changes. The observed structural change in the absence of the Ja helix after light illumination will provide numerous applications in biotechnology.
In the case of As-LOV, the unfolding of the Ja helix was found to be critical for regulating the effector kinase signal. The molecular dynamic simulation method suggests that the photosignal begins with a rotational reorientation of the Gln1029 adjacent to the FMN chromophore, generating spatial constraints through the b-strand towards the Ja helix. Subsequently, two hydrogen bonds (Glu1034-Gln995 and Asp1056-Gln1013) break, which results in a disruption of the Ja helix.
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In summary, we investigated the role of the Ja helix in YtvA to understand the signal transmission mechanism in light-sensing proteins. Our native gel analysis clearly demonstrated that the YtvA-LOV domains without the Ja helix have a different quaternary structure under light and dark conditions; we observed a mobility change that was demonstrated to result from the light-induced dissociation of two PAS core structures. The Ja helix affects the remote chromophore-binding site environments, eventually stabilizing the PAS b-fold contacts. The extended hydrogen-bonding networks from FMN to the distant Ja helix serve as a signaling pathway by which the photosignal from the FMN is transmitted to the effector domain, inducing light-controlled allostery in YtvA. Our finding will help to understand the different mechanism of photosignal propagation in YtvA-LOV compared with As-LOV, suggesting a new role of Ja helix. Identifying critical elements for signal propagation in protein structures will help us to establish new optogenetic tools, with which fine tuning of light signals to various effector domains could be made possible.
Materials and Methods
Cloning
The DNA sequences encoding the Ja helices of As-LOV domain were PCR amplified from the gene of Figure 6 . Hydrogen-bonding network shown in X-ray structures of YtvA-LOV under (A) dark and (B) light conditions (pdb: 2PR5 and 2PR6, respectively). Thr127 has hydrogen-bonding with Asp125, Trp103, and Asn104, which are extended to the Asn94, Gln123, and FMN chromophore network. Thr127 contributes to the stability of FMN binding to the protein.
As-LOV2 domain in pHIS8-3 vector 25 using homolo- 
Protein expression and purification
The genes containing the engineered YtvA-LOV domains with different variants of the Ja helix in pET28a(1) were overexpressed in the E. coli BL21(DE3) strain at 188C overnight with an IPTG concentration of 200 lM. The cell pellet was suspended in a lysis buffer containing 25 mM TrisÁHCl (pH 8.0), 500 mM NaCl, and 10 mM imidazole and was sonicated on ice for 3 min. Proteins were purified using Ni-NTA resin under native conditions and eluted with buffers containing 250 mM imidazole. The collected fractions were combined and dialysed overnight against 25 mM TrisÁHCl buffer (pH 8.0) containing 500 mM NaCl, 10% glycerol, and 1 mM DTT and subject to concentration using Amicon (Millipore) centrifugal filter tubes. For native gel analysis, proteins were purified with the supplement of FMN (up to 400 lM) added to the washing-and elution buffers to ensure the fully FMN-bound form.
Native gel analysis
Different mobilities of the YtvA-LOV derivatives were analyzed by native gel electrophoresis using 12% polyacrylamide gels in a running buffer containing 25 mM TrisÁHCl (pH 8.6) and 192 mM glycine. Before loading, proteins were incubated at 48C for 1 h in a dark room for the dark state or illuminated with a blue LED flash light (470 nm) for 3 min for the light state. After protein samples were loaded on each lane, the gels were run at 150 volts constant voltage for 90 min. Coomassie brilliant blue staining solution was used to visualize protein bands after running. The gels were run with light illumination (a blue LED array, 530-540 lux) for the light state and the gel running apparatus was wrapped with foil to protect them from light for the dark state.
Blue native gel analysis
Blue native PAGE gels were prepared as previously described. 36 The final concentrations of the stacking gel and the resolving gel were 3.5% and 18%, respectively. The cathode buffer was composed of 50 mM tricine, 7.5 mM imidazole, and 0.02% (w/v) Coomassie brilliant blue G-250 at pH 7.0; the anode buffer was composed of 25 mM imidazole at pH 7.0. The gels were run at 100 V for 50 min and then at 150 V for 30 min.
UV-Vis spectroscopy
The absorption data of the YtvA-LOV domain analogues were obtained in a Hitachi U-3010 spectrometer using a buffer containing Tris-HCl 50 mM (pH 8.0), NaCl 150 mM, and 1 mM dithiothreitol. The dark recovery data in Figure 5 (B) were obtained at 447 nm with 30 s intervals for 2 h. Before measuring, samples were incubated by a blue LED flash light (470 nm) for 3 min and protein concentration was 25 lM.
Fluorescence spectroscopy
Fluorescence spectra were recorded at 208C using the Jasco FP 6500 spectrofluorimeter. The spectral band widths were 1 nm of excitation and 5 nm of emission. The buffer for measurements contained 100 mM TrisÁHCl (pH 8.0), 100 mM NaCl, and 1 mM dithiothreitol. Fluorescence emission data were measured from 295 nm to 550 nm with an excitation at 280 nm.
Nucleotide sequence accession number
The following nucleotide sequences and their accession numbers were deposited in GenBank: Ytv-Y0 (KR073097), Ytv-Y3 (KR073098), Ytv-Y6 (KR073099), Ytv-Y10 (KR073100), Ytv-Y21 (KR073096), Ytv-As25 (KR073101), Ytv-As32 (KR073102).
